X-ray diffraction analyses of the clay-sized fraction of sediments from the Nankai Trough and Shikoku Basin (Sites 1173, 1174, and 1177 of the Ocean Drilling Program) reveal spatial and temporal trends in clay minerals and diagenesis. More detrital smectite was transported into the Shikoku Basin during the early-middle Miocene than what we observe today, and smectite input decreased progressively through the late Miocene and Pliocene. Volcanic ash has been altered to dioctahedral smectite in the upper Shikoku Basin facies at Site 1173; the ash alteration front shifts upsection to the outer trench-wedge facies at Site 1174. At greater depths (lower Shikoku Basin facies), smectite alters to illite/smectite mixed-layer clay, but reaction progress is incomplete. Using ambient geothermal conditions, a kinetic model overpredicts the amount of illite in illite/smectite clays by 15%-20% at Site 1174. Numerical simulations come closer to observations if the concentration of potassium in pore water is reduced or the time of burial is shortened. Model results match X-ray diffraction results fairly well at Site 1173. The geothermal gradient at Site 1177 is substantially lower than at Sites 1173 and 1174; consequently, volcanic ash alters to smectite in lower Shikoku Basin deposits but smectite-illite diagenesis has not started. The absolute abundance of smectite in mudstones from Site 1177 is sufficient (30-60 wt%) to influence the strata's shear strength and hydrogeology as they subduct along the Ashizuri Transect.
INTRODUCTION
The objective of this paper is to document stratigraphic trends in clay mineralogy and clay diagenesis at Sites 1173, 1174, and 1177, which were cored by the Ocean Drilling Program (ODP) in the Nankai Trough (Fig. F1) . During studies of marine sedimentation, clay minerals provide important information for determining the detrital origin of sediment (e.g., Hathon and Underwood, 1991; Fagel et al., 1992; Petschick et al., 1996) . Detrital chlorite, for example, is a typical product of physical weathering of plutonic and metamorphic rocks, as well as shale; chlorite tends to increase in ocean sediments toward higher latitudes where physical weathering predominates (Biscaye, 1965; Naidu and Mowatt, 1983) . Kaolinite is more prevalent in tropical latitudes where chemical weathering is more intense (Biscaye, 1965; Faugeres et al., 1991; Petschick et al., 1996) . Detrital illite resists chemical weathering and is common in most continental soils (Biscaye, 1965) . Illite and illite/smectite (I/S) mixed-layer clays are common lowtemperature diagenetic products in marine basins (Burst, 1969; Perry and Hower, 1970; Hower et al., 1976) . Fagel et al. (2001) showed how subtle differences among minerals belonging to the smectite group could be used to decipher changes in detrital provenance and dispersal route through time. This type of approach is possible because different precursors and weathering processes produce different varieties of smectite. In brief, dioctahedral smectites (beidellite and montmorillonite) are typical products of silicic volcanic sources (Chamley, 1989) , although iron montmorillonite can also be produced from biogenic silica (Hein et al., 1979) . Hydrothermal alteration of basalt produces dioctahedral nontronite, but nontronite is also found in rocks exposed to greenschist facies metamorphism. Saponite (trioctahedral smectite) and celadonite (dioctahedral silica-rich mica) form during alteration of crystalline basalt and basaltic glass, especially during the early stages of hydrothermal circulation (e.g., Porter et al., 2000) . Saponite also results from zeolite facies metamorphism and can be eroded from an island arc. In the late stages of alteration of basaltic glass, saponite evolves to dioctahedral (Mg, Fe 2+ rich) smectite (Chamley, 1989) .
In addition to their value as provenance indicators, clay minerals exert a significant impact on sediment shear strength. Clay-sized material, especially expandable clay minerals, affects both internal friction and permeability (Olson, 1974; Wang, 1980; Shimamoto and Logan, 1981; Morrow et al., 1984; Logan and Rauenzahn, 1987; Freed and Peacor, 1989a; Mitchell, 1993) . Liberation of water from smectite's interlayer site shrinks the original mineral volume by as much as 35% if illitization goes to ~80% completion (Bird, 1984; Bruce, 1984; Colten-Bradley, 1987) . Dehydration during the illite-smectite reaction may be a source of low-chloride fluids in accretionary prisms (Kastner et al., 1991) . The lower permeability of clay-rich sediments can cause pore fluid pressure to increase, thereby reducing effective normal stress (Moore and Vrolijk, 1992) . Compressibility also changes with clay content (Robinson and Allam, 1998) . It is important, therefore, to document the original composition of sediment and to show how that composition changes as pressure and temperature increase. To help assess the extent of smectite-illite diagenesis in the frontal Nankai subduction zone, we utilized the kinetic model of Huang et al. (1993) to generate numerical simulations. Understanding how sediment composition evolves in three di- 
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throughout the Outer Zone of Japan (Underwood et al., 1993a) . When clay provenance indicators are combined with data from sand petrography and paleoflow indicators (Taira and Niitsuma, 1986; Marsaglia et al., 1992; Pickering et al., 1992 ; Fergusson, this volume), interpretations suggest that the Quaternary trench wedge originated primarily through axial transport from sources located in the Izu-Honshu collision zone of central Japan (Underwood and Pickering, 1996) . In contrast to the Quaternary trench wedge, strata in the Shikoku Basin (Sites 297, 442, 443 , and 444 of the Deep Sea Drilling Project) show progressive enrichment of smectite with increasing depth and age (Cook et al., 1975; Chamley, 1980) . Previous workers also demonstrated that smectite increases monotonically in the upper Shikoku Basin facies at Site 808, but Underwood et al. (1993b) were not able to discriminate convincingly between the effects of changing detrital sources and/or transport paths through time, as opposed to the effects of in situ ash-tosmectite and smectite-illite diagenesis. Subsequent work by Masuda et al. (1996) showed that glass shards in interbedded volcanic ash layers alter to dioctahedral smectite (aluminum-rich beidellite) and potassium-rich clinoptilolite. The illite-smectite reaction has been inhibited in discrete beds of volcanic ash (Masuda et al., 1996) , but there is clear evidence for progressive smectite-illite alteration and uptake of potassium in the bulk mudstones of Shikoku Basin (Underwood et al., 1993b; Underwood and Pickering, 1996; Masuda et al., 2001) . Underwood et al. (1993b) speculated that illite-smectite diagenetic progress at Site 808 is a recent response to rapid sedimentary burial beneath the trench wedge (i.e., in the last 0.5 m.y.), but they had no data from an appropriate reference site to constrain the degree of diagenesis seaward of the trench.
LABORATORY METHODS

Sample Preparation
To prepare samples for X-ray diffraction (XRD) analyses, specimens of mud and mudstone were gently crumbled and placed in a glass beaker with 3% H 2 O 2 for at least 24 hr until digestion of organic matter stopped. We then added 250 mL of 4 g/L sodium hexametaphosphate to disperse the clays. Further disaggregation was accomplished in an ultrasonic bath. Heavily indurated samples were exposed to additional crushing and repeated ultrasonic dispersal. Samples were then washed via centrifugation (using six 60-mL tubes per sample at 8200 rpm for 25 min), resuspended in 360 mL of deionized distilled water, washed again, and transferred in suspension to a 125-mL plastic bottle. After further dispersion with an ultrasonic cell disruptor, we separated the <2-µm fraction using a centrifuge at 1000 rpm for 2 min, 24 s. Slides were prepared for XRD as oriented aggregates to enhance the clay mineral basal reflections, using the filter-peel method with a 0.45-µm membrane. Slides were solvated in an ethylene glycol atmosphere overnight at 60°C to expand the smectite. The time elapsed between removal from the ethylene glycol chamber and scanning was <80 min to minimize evaporation.
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X-Ray Diffraction Analysis
A Scintag PAD V X-ray diffractometer was used to scan slides from 3°t o 23°2θ at the following parameters: radiation = CuK α ; scan rate = 1°/ min; step size = 0.01; voltage = 40 kV; current = 30 mA; and slits = 0.2 mm. Data processing utilized MacDiff software (Petschick, 2001) . Profiles were smoothed using the MacDiff standard weighted means 17-term filter. To correct for misalignments of the goniometer and slide holder, we shifted each diffractogram to realign the quartz (100) reflection at 4.26 Å.
Relative Mineral Abundances
To estimate relative abundances of minerals in the clay-sized fraction by weight, we measured the integrated peak areas for basal reflections of smectite, illite, and chlorite, plus quartz. The targeted peaks are shown in Figure F5 : smectite (001) at ~17 Å, illite (001) at ~10 Å, chlorite (002) at ~7 Å, and quartz (100) at 4.26 Å. Some difficulty with this method arises from peak overlap. The chlorite (001) peak occurs on the shoulder of the glycol-solvated smectite (001) peak at ~14 Å. More problematic is the complete overlap of chlorite (002) and kaolinite (001) peaks at ~7 Å. Although contents of kaolinite are probably small, we report the 7-Å values as chlorite (+ kaolinite). Interlayers of illite also affect the geometry of the smectite (001) peak, and the I/S (001)/(002) peak merges into the illite (001) peak as the percent illite in I/S increases. This interference adds counts from mixed-layer clay to peakarea values for both smectite and illite.
Another challenge in determining relative mineral abundance in natural sediments is selection of accurate weighting factors. One common method (Biscaye, 1965) multiplies the peak area of smectite (001) by 1×, illite (001) by 4×, and chlorite (002) by 2×, regardless of each mineral's abundance. The peak area generated by a given phase and reflection increases with that mineral's abundance, but each additional phase in a mixture also affects the intensity of all other reflections differently. Thus, to improve the accuracy of bulk powder analysis, Fisher and Underwood (1995) employed singular value decomposition (SVD) to solve for normalization factors using standard mineral mixtures with known weight percentages. Underwood et al. (this volume) solved for SVD weighting factors for the clay-sized fraction using a similar approach; they also completed a thorough analysis of error. We describe herein relative abundances (weight percent) of smectite, illite, chlorite, and quartz as calculated by SVD factors, but we also report the weighted peak areas for smectite, illite, and chlorite using Biscaye (1965) factors to make simplify comparisons with older data sets.
Chlorite and Kaolinite Peak Overlap
Previous workers showed that kaolinite is present in minor amounts at Site 808, ranging from 8% to 20% of the 7-Å peak area (Orr, 1992; see also Chamley et al., 1986) . To extend the results of Orr (1992) , we selected five representative samples from Sites 1173 and 1177 and boiled them for 2 hr in 1-N HCl. This treatment dissolves chlorite, so a peak remaining at 7 Å indicates the presence of kaolinite (Moore and Reynolds, 1997) . Disappearance of the chlorite (003) reflection at 4.77 Å confirms the mineral's removal (Fig. F5) . With MacDiff software, counts generated from treated and untreated specimens can be adjusted until 
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the peak area for quartz (100) is the same for both. The ratio of untreated to HCl-treated (and adjusted) 7-Å peak areas then serves as a measure of the kaolinite contribution.
Percent Illite in Mixed-Layer Illite/Smectite Clays
Several methods exist for the XRD determination of percent illite in I/S mixed-layer clays. Srodon (1980) and Watanabe (1988) based their methods on differences in the positions of key peaks; however, they do not work well for samples with discrete illite. Another common method (Rettke, 1981) is based on the ratio of intensity of the "saddle" at the low diffraction angles to intensity of the 17-Å peak (Fig. F5) . This method can be advantageous when samples contain small amounts of expandable clay, but it ceases to work when expandability drops below 40%. Reynolds and Hower (1970) documented the angular separation between I(001)/S(002) and I(002)/S(003) peaks (Fig. F5) using a combination of synthetic and natural diffractograms. Hathon (1992) compared this and other methods by imaging clays with transmission electron microscopy (TEM) and found that the percent smectite as estimated by XRD analyses usually falls within ±5% of visual estimates by TEM. Error in XRD data increases with the addition of discrete illite.
The advantage of using angular separation between two peaks is the method's insensitivity to instrument misalignments and variations in thickness of the ethylene glycol layer (Moore and Reynolds, 1997) . If concentrations of I/S are low, however, all of the mixed-layer peaks are difficult to resolve above background counts, and in many cases the I(001)/S(002) peak is completely obscured. Results calculated from dvalues of the I(002)/S(003) peak will match those based on separation between the two I/S peaks if each profile is corrected for misalignments. MacDiff software accomplishes this by shifting the quartz (100) peak to a d-value of 4.26 Å (although sometimes the correction command must be repeated). For many of the samples that we analyzed, the I(002)/ S(003) peak is broad and irregular because of poor crystallinity and mixing among several types of I/S. The center of each peak was picked for its d-value by assuming a symmetrical shape.
As the smectite-illite transition proceeds, the percentage of illite in the mixed-layer structure increases and the organization of I/S interlayers changes from random to ordered (Reynolds and Hower, 1970; Altaner and Ylagan, 1997) . I/S clays are usually disordered with ≤50% illite, and R = 1 ordering typically occurs at 55%-60% illite. The development of ordering may be recognized by a shift of the second-order I/ S superstructure from ~5° to 6.5°2θ (Moore and Reynolds, 1997) . During processing of XRD data, we also checked the position of this reflection.
Smectite Type
We selected nine samples from Site 1173 and eight samples each from Sites 1174 and 1177 to identify the type of smectite. Because the (060) reflection is sensitive to the site occupancy and cation size in the octahedral sheet, its d-value allows dioctahedral varieties to be distinguished from trioctahedral varieties. The d(060) values for dioctahedral montmorillonite and beidellite are between 1.492 and 1.504 Å, whereas d-values for the trioctahedral forms (saponite and hectorite) and dioctahedral nontronite range from 1.520 to 1.530 Å (Brindley, 1980) . Because (060) reflections are weak in most oriented clay aggregates, random powder mounts must be prepared. Portions of the <2-µm frac-
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tion were freeze-dried, manually disaggregated to remove clumps, and pressed into holders, taking care to minimize orientation of the particles. Samples were scanned from 48° to 64°2θ at scan rate = 0.5°/min, step size = 0.01, voltage = 40 kV, and current = 30 mA. This scanning range includes a (112) quartz peak at 1.817 Å, which permits corrections for small offsets of the goniometer (Fig. F5) . The corrected position of the quartz (211) peak can also be verified at 1.542 Å ± 0.001 Å.
The center of the (060) smectite peak was used to obtain its d-value, checking the profiles in both the smoothed and unsmoothed form (Fig.  F5) .
RESULTS
Minerals in Clay-Sized Fraction Site 1173
Smectite is, on average, the most abundant clay-sized mineral at Site 1173 (Table T1 ; Fig. F2 ), followed by illite and chlorite (+ kaolinite). Quartz makes up an average of 10 wt% of the <2-µm fraction. Smectite increases downhole from ~20 wt% at the top of the trench-wedge facies to >60 wt% near the top of the lower Shikoku Basin facies (~380 mbsf); from there, smectite gradually decreases to ~35 wt%. The abundance of smectite is erratic in the volcaniclastic facies, ranging from 16 to 82 wt%. The d(060) value ranges from 1.499 to 1.502 Å, demonstrating that the smectite is dioctahedral; it is unknown if the mineral is montmorillonite, beidellite, or a transitional member. As smectite increases in relative abundance, illite declines from ~40 wt% in the trench-wedge facies to ~25 wt% near 380 mbsf in the lower Shikoku Basin facies. Illite then increases to ~35 wt% in two intervals: near 430 mbsf and between 440 and 520 mbsf (Fig. F2) . Illite fluctuates erratically in the volaniclastic facies. Chlorite (+ kaolinite) decreases from ~30 wt% at the top of the trench-wedge facies and to ~2 wt% by 380 mbsf. Values increase tõ 25 wt% by 400 mbsf and remain fairly consistent to the top of the volcaniclastic facies. Two samples from the lower Shikoku Basin facies show that kaolinite contributes 0% and 12% to the 7-Å peak area (Table  T2) .
Composite peaks from mixed-layer illite/smectite clays were not detected consistently in samples from above 270 mbsf (Table T1 ). Starting at 350 mbsf, the percent illite in I/S clays increases from ~15% to 50%, with a maximum of 61%, but there is considerable scatter in the values (Fig. F6) . Based on the position of the second-order superstructure, the smectite is disordered. The saddle/peak method does not show any clearly defined changes in I/S with depth (Table T1) .
Site 1174
On average, illite and smectite are present in nearly equal amounts at Site 1174 (Table T1 ; Fig. F3 ), followed in abundance by chlorite (+ kaolinite). The relative abundance of quartz averages 12 wt%. Smectite abundance increases downhole from ~20 to >55 wt% near 600 mbsf; it then decreases to ~20 wt% by 1100 mbsf. The smectite is dioctahedral, with d (060) F6. Illite in I/S mixed-layer clays, p. 24.
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decreases from 25 wt% near top of the hole to 10 wt% at ~660 mbsf, then increases below 840 mbsf. The illitic component of I/S mixed-layer clay increases consistently below 590 mbsf, reaching a maximum of 89% (Fig. F6) . The gradient in illitization is more pronounced at this site than at Site 1173, but R = 1 ordering does not occur. The saddle/ peak method indicates an increase to 45% illite (at 1090 mbsf) ( Table  T1) .
Site 1177
The average relative abundance of smectite at Site 1177 is 51 wt% ( Table T1 ; Fig. F4 ). Illite averages 27 wt%, chlorite (+ kaolinite) averages 12 wt%, and quartz 11 wt%. The lower Shikoku Basin turbidite facies displays a degree of compositional scatter that is consistent with its lithologic heterogeneity (interbedded turbidites and hemipelagic mudstone). The amount of smectite increases from ~25 wt% at 300 mbsf (upper Shikoku Basin facies) to ~45 wt% at 570 mbsf. Between 570 mbsf and the volcaniclastic-rich facies, smectite varies from 30 to 87 wt%. Smectite content is also erratic in the volcaniclastic-rich facies (27-91 wt%). The smectite is dioctahedral, with d(060) values of 1.499 to 1.503 Å. Illite decreases from ~35 to 20 wt% by 700 mbsf then remains between 15 and 20 wt% to the base of the lower Shikoku Basin turbidites. Chlorite (+ kaolinite) declines from 25 wt% at 300 mbsf to <10 wt% at the base. Based on two samples, kaolinite contributions to the 7-Å peak area are 28% and 60% ( Table T2 ). The I/S mixed-layer clays show no pattern of systematic change with depth (Fig. F6) . The percent illite in I/S clays reaches a maximum of 42%, but most values are <25% with random ordering (Table T1 ).
Smectite Abundance in Bulk Mudstone
Placing the clay mineral data in the context of bulk mineralogy is beneficial if the goal is to evaluate whether smectite affects the mechanical and hydrologic properties of the Nankai accretionary prism. To do this, we multiplied the abundance of total clay minerals (using data from the nearest bulk powder sample interval) by the relative weight percent of smectite in the <2-µm clay mineral fraction (where smectite + illite + chlorite = 100%). Although bulk powder XRD methods are imperfect, error analysis shows that the SVD method is accurate to within 5 wt% for standard mineral mixtures (Shipboard Scientific Party, 2001a; Underwood et al., this volume). Nevertheless, our calculated values of mineral abundance in the bulk sediment do not take into account the presence of amorphous solids (e.g., volcanic glass and biogenic silica), and the value calculated for total clay is relative only to quartz, feldspar, and calcite. In addition, clay-fraction data may be affected by mineral partitioning as a function of grain size; this can increase the concentration of smectite in finer size fractions as compared to silt-sized contributions of detrital illite and chlorite (e.g., Mitchell, 1993) . Using the <2-µm size fraction probably overestimates the abundance of smectite in bulk mudstone, so the values we report should be considered as maxima for comparative purposes.
Aside from local "spikes" of smectite associated with thin volcanic ash layers, the abundance of smectite in bulk mudstone from Sites 1173 and 1174 is generally <30 wt% (Fig. F7) . Depletion of smectite is more extensive in the lower Shikoku Basin deposits at Site 1174. Mudstones from Site 1177, in contrast, contain >30 wt% smectite at virtually all 
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depths in the lower Shikoku Basin facies and volcaniclastic-rich facies; values reach 40-55 wt% near the base of the hole (Fig. F7) . The differences in smectite content among coeval deposits at the three sites are probably due to variable amounts of ash-to-smectite and smectite-illite diagenesis.
Modeling Illite-Smectite Reaction Progress
Many factors influence the smectite-illite reaction, including temperature, potassium concentration in pore water, time, water/rock ratio, fluid and rock composition, the starting composition of the mixedlayer clay, and pressure (Pollastro, 1993 , and references therein). The most important of these factors are temperature, heating time, and potassium availability. In one experimentally derived kinetic model, Huang et al. (1993) solved the conversion rate as follows:
where, S = fraction of smectite in the I/S clays, t = time, A = frequency factor (8.08 × 10 -4 /s), E α = activation energy (28 kcal/mole), R = gas constant, T = temperature (Kelvin), and K + = concentration of potassium (in molarity).
We used this kinetic model to predict the smectite-illite conversion by simulating the evolution of a single packet of smectite as it is buried. Using constraints from shipboard data, calculations were completed at 10-m intervals for Sites 808, 1173, 1174, and 1177.
Model Inputs
The assumed starting value for percent illite in I/S was set at 20% illite for each ODP site on the basis of data from shallow burial depths where diagenesis has not yet occurred (Fig. F6) . Age-depth relations at each site are sensitive to variations in sedimentation rate and thrusting at the prism toe, so nonuniform burial rates were input into the model. Our choices for age-depth inputs (Table T3 ) are constrained by paleomagnetic and nannofossil data (Shipboard Scientific Party, 1991 , 2001c , 2001d Olafsson, 1993) . The potassium concentration for each 10-m interval was taken from the nearest shipboard pore fluid measurement (Shipboard Scientific Party, 1991 , 2001c , 2001d . Those choices make no allowances for the likelihood of potassium depletion or enrichment through time in response to fluid migration along faults, diffuse flow during consolidation, or in situ mineral reactions. The present-day temperature at each model depth was estimated from shipboard thermal conductivity data and heat flow calculations (Shipboard Scientific Party, 1991 , 2001c , 2001d Fisher et al., 1993; Kinoshita and Yamano, 1996) . We used a heat flow value of 180 mW/m 2 for Sites 1173, 1174, and 808, but a much lower value of 63 mW/m 2 was used for Site 1177. We assumed purely vertical conductive and steadystate heat flow, so the modeling ignores the likely effects of thermal de-T3. Kinetic modeling of smectiteillite reaction progress, p. 37.
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cay following the cessation of volcanism along the spreading ridge of Shikoku Basin (Wang et al., 1995) . Figure F6 shows that maximum diagenetic alteration of sediments at Sites 1174 and 808 is less advanced than what model predictions indicate by ~15%-20%. According to one iteration of the kinetic model, illite-smectite diagenesis should reach 94% illite at the base of Hole 1174B, but the maximum illite value measured for the <2-µm size fraction is 84%. At Site 808, illite should reach 98% by the base, but the measured maximum is 78%. This mismatch may be due to rapid tectonic thickening and thrusting near the deformation front, as discussed subsequently. Predictions for Site 1173 are in better general agreement with the observations. The lower temperature gradient at Site 1177 obviously retards the illite-smectite reaction, and modeling predicts no reaction progress (Fig. F6) . The calculated geotherm of 53°C/km yields a temperature projection of only 44°C at the base of the hole. The onset of illitization generally occurs between 58° and 92°C (Freed and Peacor, 1989b) . Thus, we believe that all of the I/S at Site 1177 is detrital in origin.
Model Results
DISCUSSION
Detrital Provenance
The Izu-Honshu collision zone of central Japan has been identified as the detrital source of the Quaternary trench-wedge facies on the basis of sand petrography, paleoflow indicators, facies architecture, clay mineral assemblages, and detailed characterization of the detrital illite component (Taira and Niitsuma, 1986; Marsaglia et al., 1992; Pickering et al., 1992; Taira and Ashi, 1993; Underwood et al., 1993a; Fergusson, this volume) . Clay mineral assemblages change, however, in older deposits of the Shikoku Basin. As discussed below, some of those changes probably resulted from diagenetic reactions but diagenesis is superimposed on temporal shifts in the detrital inputs. Dispersal systems for suspended sediment sometimes fluctuate in response to dispersal mechanisms (i.e., surface currents and pathways of sediment gravity flow), uplift of new source areas, climatic controls over the degree of chemical vs. physical weathering, or changes in the amount of exposed volcanic material in a given source. As described by Underwood and Steurer (this volume), we now have enough evidence from ODP sites that have not been affected by diagenesis to reconstruct the temporal evolution of the regional-scale dispersal system for Nankai Trough and Shikoku Basin.
As one moves upsection from the lower to upper Shikoku Basin facies, the increase of wind-blown volcanic ash layers suggests that explosive volcanism gradually intensified from the early Pliocene into the Quaternary. Although the source for each ash layer remains uncertain, contributions could have come from volcanoes on Kyushu, central to northern Honshu, and/or the Izu-Bonin island arc (Cambray et al., 1995; Uto and Tatsumi, 1996; Kamata and Kodama, 1999) . Working farther seaward in coeval Shikoku Basin deposits, Chamley (1980) documented a gradual decrease of smectite in progressively younger mudstones. Stratigraphic trends at Site 1177 are more erratic due to the
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prevalence of turbidites in the lower Shikoku Basin, but the same overall pattern of decreasing smectite through time holds there (Fig. F4 ). In addition, the content of smectite is relatively high in late Miocene and Pliocene trench-slope sediments at Site 1178 (Underwood and Steurer, this volume). These data create an interesting paradox: the relative abundance of smectite in mudstone, which forms primarily by weathering of volcanic source rocks, decreases basinwide during the same period of time in which interbedded ash layers become more plentiful. To explain this observation, Underwood and Steurer (this volume) linked the gradual depletion of detrital smectite to intensification of the Kuroshio Current at ~3 Ma; that change in surface water circulation occurred in response to closure of the Pacific-Caribbean Gateway. A stronger and deeper surface current, flowing toward the northeast, would be expected to dampen the transfer of suspended sediment from the Izu-Bonin volcanic source and increase the amount of illite and chlorite carried into the Shikoku Basin and Nankai Trough from the Outer Zone of Japan. It is also interesting to note that simultaneous intensification of the Tsushima Current in the Sea of Japan (i.e., during the Pliocene) evidently caused a similar shift toward higher percentages of illite and chlorite at the expense of smectite (Fagel et al., 1992) .
Clay Diagenesis
Several lines of evidence show that diagenetic reactions are superimposed on the inferred temporal shifts in the detrital flux into Shikoku Basin. Alteration of volcanic glass to clay minerals is readily apparent in smear slides, for example, and the total clay content in bulk powders increases as the glass degenerates (Shipboard Scientific Party, 2001c , 2001d ; Wilson et al., this volume). Masuda et al. (1996) imaged volcanic glass shards from Site 808 with TEM and saw progressive growth of smectite crystals with dioctahedral beidelitic composition. "Spikes" in smectite content of up to 91 wt% occur locally in the Shikoku Basin deposits (Figs. F2, F3) ; these unusually high values probably come from in situ alteration of volcanic ash layers, although the cryptic bentonites did not stand out from surrounding sediment during visual inspection. Similarly, at Site 1177, sporadic increases in total smectite in the lower Shikoku Basin turbidite facies (Figs. F4, F6 ) seem too large to attribute exclusively to fluctuating detrital sources. We suggest that replacement of disseminated glass shards in the Miocene mudstone deposits added authigenic smectite to what were already high detrital contributions of both discrete smectite and disordered I/S mixed-layer clay.
Site 1173, the so-called reference site for the Muroto Transect, experienced diagenetic alteration seaward of the deformation front. Illitesmectite reaction progress clearly advances from Site 1173 landward to Site 1174 (Fig. F6) . Smectite-illite diagenesis begins at ~390 mbsf at Site 1173 and at ~700 mbsf at Site 1174. At progressively deeper intervals, the percent illite in I/S clays increases (Fig. F6) and the content of smectite remaining in bulk mudstones decreases (Fig. F7) . Larger amounts of scatter in I/S proportions at Site 1173 are probably due to mixing between detrital I/S and authigenic I/S. The gradient for Site 1174 is more pronounced because the diagenetic overprint is more extensive. The smectite-illite transition does not reach completion, however, which is consistent with the results from Site 808 (Underwood et al., 1993b) . At Site 1174, the maximum illite in I/S is 84%, but there is no evidence of R = 1 ordering. At Site 1173, the maximum illite in I/S is 55%, with no
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ordering. A transition from R = 0 to R = 1 is supposed to occur when the illite interlayers in I/S reach 60%-70% (Bethke et al., 1986) . In older basins this transition occurs at ~100° to 110°C, whereas in younger basins subjected to rapid heating (<3 Ma) this transition is not expected until 120° to 140°C (Pollastro, 1993) . R = 1 ordering was noted at Site 808 at 1220 mbsf and an inferred temperature of 135°C (Underwood et al., 1993b) , but newer heat flow data (Shipboard Scientific Party 2001c , 2001d push that temperature estimate to 144°C. Figure F8 shows how sensitive the numerical simulations of illitesmectite reaction progress are to changes in potassium concentration, burial rate, and heat flow. Variations in heat flow produce the largest changes in the model results. If heat flow at Site 1173 is lowered to 130 mW/m 2 or less, the model predicts that smectite-illite diagenesis will not even initiate. At Site 1174, heat flow must be reduced to 70 mW/m 2 to prevent initiation of illite-smectite diagenesis, but using the documented heat flow value of 180 mW/m 2 overpredicts reaction progress by 15%-20%. Evidently, reaction progress has been retarded either by fluid composition or by insufficient heating time. Present-day potassium concentrations at Sites 1173, 1174, and 808 are more than sufficient to promote the observed reaction progress (Fig. F8) . Changing the potassium concentration to minimum values at each site (Site 1173 = 1.8 mM and Site 1174 = 1.5 mM) does not change the model result very much (Fig. F8) . Thus, it appears as though potassium has been plentiful enough throughout the basin's burial history. Conversely, increasing the potassium concentration to the maximum value for each site (i.e., normal bottom water) substantially overpredicts the illite-smectite transformation. This scenario is unlikely, however, because it requires continual replenishment of dissolved potassium from an outside source. Changing the age-depth constraints that are listed in Table T3 to more straightforward linear burial gradients results in modest adjustments of the model (Fig. F8) . To mimic the effects of faster burial, we reduced the age at each interval by specified percentages; an adjustment of 50% improves the fit between the model prediction and measured values at Site 1174. From this result, we conclude that recent episodes of burial near the toe of the Nankai accretionary prism (i.e., by trenchaxis sedimentation, tectonic thickening, and frontal thrusting) may have been too fast for the illite-smectite reaction to keep pace. More sophisticated modeling will be required to explore how reaction progress responded to both gradual and punctuated shifts in heat flow, fluid flow, and burial rates (e.g., Wang et al., 1995; Saffer and Bekins, 1999) . Hyndman et al. (1995) demonstrated that the updip limit of earthquakes along the Nankai subduction boundary occurs within a temperature window of 100°-150ºC. Diagenetic changes in clay minerals are noteworthy in this context because of a hypothesized link between fault zone strength and thermally controlled mineral reactions. Vrolijk (1990) , for example, speculated that the updip limit of seismicity matches the depth where 80% of the incoming smectite is transformed to a stronger illite-rich clay assemblage. Smectite has been shown to affect the sliding behavior of faults. In experiments on artificial montmorillonite anhydrite gouges, Shimamoto and Logan (1981) discovered that a bulk content of 15%-20% smectite changes stick-slip behavior to stable sliding. The coefficient of internal friction for natural smectitebearing gouges from the San Andreas fault zone ranges from 0.21 to F8. Sensitivity analysis for the smectite-illite kinetic model, p. 26.
Effects of Clay on Geotechnical Properties
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0.41 (Morrow et al., 1982) . Logan and Rauenzahn (1987) found that the frictional coefficient for pure montmorillonite ranges from 0.08 to 0.14, whereas the coefficient for quartz gouge ranges from 0.49 to 0.62. In a two-component mixture of quartz + smectite, the weaker mineral must exceed 25% of the bulk total to cause a significant reduction of the coefficient of friction (Logan and Rauenzahn, 1987) . Influenced by such laboratory results, Moore and Saffer (2001) discussed how the transformation of mudstones with initial contents of 30%-50% smectite might lead to changes in frictional properties downdip, but they also pointed out that incoming sediment along the Muroto Transect does not contain enough smectite to create such a scenario by itself. They cited, instead, contributions imparted on frictional properties and effective stress by increases in fluid pressure, hydrocarbon maturation, opal-A to opal-CT transformation, pressure solution, and cementation by zeolites, calcite, phyllosilicates, and silica, all of which occur over the temperature range of 100°-150°C. The logic of Moore and Saffer (2001) certainly holds for strata at Sites 808 and 1174. On the other hand, along the Ashizuri Transect (Site 1177), mudstones in the lower Shikoku Basin turbidite facies and volcaniclastic-rich facies are enriched by much higher percentages of smectite (Fig. F7) . The geotechnical response to smectite-illite diagenesis is probably greater landward of the deformation front in the Ashizuri region.
Other geotechnical properties are affected by relatively small amounts of smectite. Robinson and Allam (1998) found that the coefficient of consolidation for montmorillonite decreases with increasing consolidation pressure, whereas other clays show increases in the coefficient with increasing pressure. The coefficient of consolidation also decreases as the proportion of smectite increases (Abeele, 1986) . Adding as little as 5% smectite to silty sand increases compressibility, decreases shear strength, and increases secondary compression (Santucci de Magistris et al., 1998) . Permeability is likewise affected by small amounts of smectite. In one study, hydraulic conductivity in a mixture of 6% smectite plus sandy silts was nearly equal to that of pure bentonite (Abeele, 1986) . Freed and Peacor (1989a) showed that illite packets growing in the smectite matrix in I/S clays reduce the local permeability. In addition, the release of interlayer water during the smectite-illite transition can contribute to excess pore fluid pressures (Bruce, 1984; Colten-Bradley, 1987) . Thus, even along corridors where the initial smectite content is not plentiful enough (i.e., <30 wt%) to change the rock's frictional coefficient during illite-smectite diagenesis, expandable clay affects compressibility, fluid migration, and effective stress along the NankaiShikoku subduction zone.
CONCLUSIONS
On average, smectite is the most abundant mineral in the clay-sized fraction at Sites 1173 and 1177, followed by illite and chlorite (+ kaolinite). At Site 1174, illite is the most abundant clay mineral, followed by smectite and chlorite (+ kaolinite). The smectite is dioctahedral, which is consistent with its origin as an alteration product of silicic volcanic rock and ash.
Data from Sites 1173, 1174, and 1177 show downhole increases of smectite in Shikoku Basin deposits. Part of this increase was caused by changes in detrital influx. The transfer of smectite to Shikoku Basin and Nankai Trough was higher during the Miocene and decreased progres-sively through the Pliocene and Quaternary. In situ alteration of disseminated volcanic glass added even more authigenic smectite to the clay assemblage as burial depths and temperatures gradually increased.
Data from Sites 1173 and 1174 show downhole depletions of smectite in the lower Shikoku Basin deposits over the same depth ranges as increasing percentages of illite in I/S mixed-layer clays. An absence of this reaction at Site 1777 is consistent with its lower geothermal gradient. A kinetic model of illite-smectite reaction progress matches the diagenetic profile for Site 1173 fairly well using the present-day values of temperature, burial time, and potassium availability. Modeling indicates that rapid burial and/or tectonic thickening at Sites 1174 and 808 caused illite-smectite diagenesis to lag behind the prevailing temperature conditions by 15%-20%.
The maximum abundance of bulk smectite in mudstones from Site 1173 is ~35 wt%; at Site 1174 the maximum reaches nearly 30 wt%. Most such values, however, are <25 wt%. Mudstones from Site 1177 (Ashizuri Transect) are significantly different because bulk smectite consistently reaches 30-50 wt%, especially in the lower Shikoku Basin. This amount of smectite should be enough to lower the coefficient of friction of the sediment relative to coeval deposits in the Muroto Transect. Smectite probably affects mudstone compressibility and permeability at all three sites.
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----, 1991. Figure F1 . Index map of the Nankai Trough study area (after Shipboard Scientific Party, 2001b Figure F2 . Stratigraphic column for Site 1173 and relative abundances of smectite, illite, chlorite (+ kaolinite), and quartz in the <2-µm fraction. Abundances were calculated using the SVD weighting factors (Underwood et al., this volume) and X-ray diffraction peak areas (Table T1, Figure F3 . Stratigraphic column for Site 1174 and relative abundances of smectite, illite, chlorite (+ kaolinite), and quartz in the <2-µm fraction. Abundances were calculated using the SVD weighting factors (Underwood et al., this volume) and X-ray diffraction peak areas (Table T1 , p. 27).
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Depth ( Figure F4 . Stratigraphic column and relative abundances of smectite, illite, chlorite (+ kaolinite), and quartz in the <2-µm fraction for Site 1177. Abundances were calculated using the SVD weighting factors (Underwood et al., this volume) and X-ray diffraction peak areas (Table T1 , p. 27). Figure F5 . Representative examples of X-ray diffractograms. A. Typical result for <2-µm oriented aggregate with identification of major peaks. Ratio of intensity at low angle "saddle" to intensity of 16-Å peak can be used as a measure of expandability (Rettke, 1981) . Percent illite in I/S clay also can be calculated using the d-value of I(002)/S(003) reflection (Reynolds and Hower, 1970) . * = Used to calculate relative abundance of clay minerals. ** = Used to calculate percent illite in mixed-layer I/S clay. *** = Used to correct peak positions. B. Results before and after treatment with HCl to dissolve chlorite. C. Display of smectite (060) , 1991, 2001c, 2001d, 2001e) , and temperature calculated from thermal conductivity data and heat flow (Shipboard Scientific Party, 1991 , 2001c , 2001d Fisher et al., 1993 Figure F8 . Results of sensitivity analysis for the smectite-illite kinetic model at Sites 1173 and 1174 (see Fig.  F6 , p. 24). Solid symbols = measured values of percent illite in mixed-layer clay. Variations in heating time were simulated by taking specified percentages (20%, 50%, and 80%) of the actual depositional age at each sample depth (Table T3 , p. 37). Linear burial curves are based on total depth at each site divided by maximum age. Biscaye (1965) . * = Calculation follows Reynolds and Hower (1970) with peak position corrected to quartz (100). † = Calculation follows Rettke (1981) assuming 3:1 ratio of discrete illite to illite (I)/smectite (S) mixed-layer clay. XRD = X-ray diffraction. Table T1 (continued). Table T2 . Results of X-ray diffraction analyses before and after boiling clay in HCl.
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